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ABSTRACT: In recent years, inorganic nanoparticles such as
Laponite have frequently been incorporated into polymer
matrixes to obtain nanocomposite hydrogels with hierarchical
structures, ultrastrong tensibilities, and high transparencies.
Despite their unique physical and chemical properties, only a
few reports have evaluated Laponite-based nanocomposite
hydrogels for biomedical applications. This article presents the
synthesis and characterization of a novel, hemocompatible
nanocomposite hydrogels by in situ polymerization of
acrylamide (AAm) in a mixed suspension containing Laponite
and gelatin. The compatibility, structure, thermal stability, and
mechanical properties of the resulting NC gels with varied gel
compositions were investigated. Our results show that the
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prepared nanocomposite hydrogels exhibit good thermal stability and mechanical properties. The introduction of a
biocompatible polymer, gelatin, into the polymer matrix did not change the transparency and homogeneity of the resulting
nanocomposite hydrogels, but it significantly decreased the hydrogel’s pH-responsive properties. More importantly, gelatins that
were incorporated into the PAAm network resisted nonspecific protein adsorption, improved the degree of hemolysis, and
eventually prolonged the clotting time, indicating that the in vitro hemocompatibility of the resulting nanocomposite hydrogels
had been substantially enhanced. Therefore, these nanocomposite hydrogels provide opportunities for potential use in various

biomedical applications.

KEYWORDS: Laponite, PAAm, gelatin, hemocompatible, nanocomposite hydrogels

B INTRODUCTION

Hydrogels, which contain three-dimensional polymeric net-
works and have remarkable capacities to hold water, have
attracted great attention because of their potential applications
in technological and biomedical fields. However, because of the
restricted molecular motion of the polymer chains caused by
the large amount of cross-links arranged randomly, most
prepared hydrogels are soft, weak, and brittle, which greatly
limits their practical applications." In recent years, considerable
effort has been made to overcome this problem, and one
important breakthrough was the creation of nanocomposite
(NC) hydrogels, first produced by Haraguchi et al. in 2002.
NC gels are hydrogels synthesized by incorporating clay
nanoparticles in the polymer matrix. They often are prepared
by in situ free-radical polymerization at high yield under mild
conditions (near ambient temperature, without stirring), in
which clay nanoparticles act as multifunctional cross-linkers and
polymer chains are attached to their surfaces through ionic or
polar interactions, resulting in the formation of unique organic/
inorganic networks. The resulting NC hydrogels are thus tough
and transparent and have excellent thermal and mechanical
properties.3
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Despite the unique physical and chemical properties, only a
few reports have evaluated nanoclay-based NC hydrogels for
biorelated applications. This might be due to the fact that NC
hydrogels generally require a further modification to improve
their biocompatibility to satisfy biomedical applications such as
controlled cell adhesion surfaces, injectable drug delivery
matrixes, and antimicrobial films.*"® Indeed, Haraguchi et al.
prepared a poly(N-isopropylacrylamide) (PNIPAM)/Laponite
NC hydrogel and explored its feasibility for cell cultivation and
cell sheet detachment.” It was found that the addition of
Laponite could enhance the cell adhesion characteristics when
compared with those of pure PNIPAM hydrogels. However,
the negatively charged surface of the Laponite could adsorb
proteins, which could, in turn, initiate thrombosis by activation
of factor XIL® Therefore, in biomedical applications, a further
modification is required to balance the cell adhesion character-
istics and the antithrombogenicity of the prepared NC
hydrogels.
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An efficient strategy for improving the hemocompatibility of
biomaterials and reducing protein adsorption is the modifica-
tion of the surface of the biomaterials with hydrophilic
polymers such as poly(ethylene glycol) (PEG) or antithrom-
botic agents. It is assumed that PEG coatings can resist platelet
adhesion and protein adsorption through steric repulsion due
to polymer chain compression.”'? However, the effectiveness of
such surface modification in preventing thrombogenicity is still
a matter of debate.'’ Heparin has also been used to modify the
surfaces of biomaterials, and its application has reached the
commercial stage in some cardiovascular devices.' However,
the in vivo biocompatibility of the heparin coating has not been
evaluated in detail.">"*

Gelatin is a polypeptide that can be obtained by the
hydrolytic degradation of collagen. Because of its excellent
biocompatibility, biodegradation, and hydrophilicity, gelatin has
been widely used in various medical apglications such as
scaffold materials,"> ™" wound dressings,lg_2 and drug delivery
devices.”"”* Moreover, it has been employed as a plasma
expander and blood substitute since the 1940s.”>** Recently,
Manju et al. fabricated a gelatin-based hydrogel to modify a
polyester vascular graft. They showed that a hydrogel
containing a gelatin coating can effectively prevent the adhesion
of platelets and leukocytes, thus offering a biocompatible and
low-thrombogenic surface.”” Bundela and Bajpai successfully
produced a hydroxyapatite—gelatin-based porous matrix as a
bone substitute and found that increasing the amount of gelatin
can greatly decrease the weight of blood clots and the extent of
bovine serum albumin (BSA) adsorption.26 Therefore, gelatin
can be treated as a hydrophilic polymer that not only provokes
no damage to blood cells or activation of plasma proteins but
also improves the smoothness of the surfaces, resulting in better
antithrombogenicity properties of biomaterials.

In this article, a novel hemocompatible protein/polymer—
clay NC hydrogel was successfully synthesized through the in
situ polymerization of acrylamide (AAm) in a mixed suspension
of Laponite and gelatin. The compatibility, morphology, and
mechanical properties of the resulting bioactive NC hydrogels
with varying gel compositions were investigated. Confocal
microscopy was used to investigate how the labeled gelatin
chains were distributed in the gel network. Moreover, the
effects of introducing gelatin on the stimuli-responsive swelling
behavior and the physicochemical and biological properties of
the resulting protein/polymer—clay NC hydrogels were
evaluated for required applications.

B EXPERIMENTAL SECTION

Materials. Acrylamide (AAm), gelatin (type B, BC; ~250 Bloom,
M,, ~ 100 kDa), and bovine serum albumin (BSA) were purchased
from Aladdin Inc. The synthetic hectorite Laponite RDS
{Na*,,[(SigMg;s sLig3) O (OH),] ™"}, modified with pyrophosphate
ions, was kindly provided by Rockwood. N,N’-Methylenebis-
(acrylamide) (BIS), ammonium persulfate (APS), and N,N,N’,N’-
tetramethyldiamine (TEMED) were purchased from Sigma-Aldrich
and used without further purification. The fluorescent dyes
methacryloxyethyl thiocarbamoyl rhodamine B (MRB) and fluorescein
isothiocyanate (FITC) were purchased from Polysciences Inc. A stock
suspension of Laponite RDS at 5% w/v was prepared with deionized
water under stirring for at least 6 h. The concentrations of the stock
solutions of TEMED (liquid), APS, and BIS were fixed at 10% v/v, 4%
w/v and 0.8% w/v, respectively. They were freshly prepared just before
use.

Synthesis of Gelatin/PAAm/Laponite Nanocomposite Hy-
drogels. The hydrogels were synthesized through the in situ radical
polymerization of the monomer (AAm) in an aqueous suspension of

Laponite RDS and gelatin with a small amount of BIS as a co-cross-
linker. The molar ratio between AAm, the accelerator (TEMED), the
initiator (APS), and BIS was 100:0.735:0.426:0.05, and the initial
concentration of AAm was kept at 10% w/v, whereas the
concentrations of Laponite and gelatin were varied between 0 and
2% w/v. The concentrations of TEMED, APS, and BIS were then
0.06% v/v, 0.08% w/v, and 0.01% w/v, respectively. First, the gelatin
solution (5% w/v) was dissolved in water and heated at 40 °C for 1 h.
A Laponite suspension (0—4 mL), BIS (140 uL), and AAm (1.0 g)
were added into a 15 mL glass tube, and then gelatin (0—4 mL) was
introduced. The total volume of the solution mixture was fixed at 9.74
mL with deionized water. After being immersed in a water bath at 50
°C for 2 h, the mixture became a transparent solution. Nitrogen gas
was bubbled through the solution for 10 min, and then APS (200 L)
and TEMED (60 uL) were added. The radical polymerization was
carried out in a water bath at 25 °C for 24 h. After polymerization, the
hydrogels were removed from the tubes and separated into two parts.
Some of the samples were stored in the as-prepared state for swelling
and mechanical properties tests, and the rest were soaked in deionized
water for 3 days with the water changed every 8 h to remove residual
unreacted monomers.

In this article, the prepared gelatin/PAAm/Laponite nanocomposite
hydrogels are denoted as LGy, where L and G indicate Laponite RDS
and gelatin, respectively, and x and y represent the corresponding
concentrations in the form 100 X Laponite/water (w/v) and 100 X
gelatin/water (w/v), respectively. For example, L2G2 represents a gel
containing Laponite with a Laponite/water ratio of 2% w/v and gelatin
with a gelatin/water ratio of 2% w/v.

Synthesis of the Fluorescent Gelatin/PAAm/Laponite Nano-
composite Hydrogels. The fluorescent gelatin/PAAm/Laponite
nanocomposite hydrogels consisted of FITC-labeled gelatin, MRB-
labeled PAAm, and the nanoclay Laponite. The labeling was based on
the method reported by Schreiber and Haimovich.”” Typically, 100
mL of the 5% w/v aqueous gelatin solution was adjusted to pH 8.5
with sodium hydroxide (NaOH) solution. FITC was dissolved in
water at a concentration of 0.01 mg/mL, also with a pH of 8.5. Then,
100 mL of FITC solution was added to the gelatin solution, and the
mixture was stirred for 8 h at 40 °C. Free FITC was removed by
ethanol extraction, and then the FITC-labeled gelatin was dried in an
oven at 50 °C. The method for synthesizing the fluorescent hydrogels
was the same as that described for FITC-labeled gelatin instead of
normal gelatin, and 100 xL of MRB solution (0.1 mg/mL) was added
to the mixture before the bubbling of nitrogen gas.

Fourier Transform Infrared (FTIR) Spectroscopy. The samples
were freeze-dried in a lyophilizer (Christ ALPHA 1-2 LD) for 24 h at
—50 °C. Infrared spectra were recorded for samples as KBr pellets with
an FTIR spectrophotometer in the range of 800—4000 cm™".

Scanning Electron Microscopy (SEM). For SEM observations,
the samples were freeze-dried in a lyophilizer (Christ ALPHA 1-2
LD) for 24 h at —50 °C and then coated with Au before imaging on an
FEI Quanta 400FEG microscope operating at 20 kV.

Confocal Laser Scanning Microscopy (CLSM). Confocal
microscopy images of the NC hydrogels were recorded on a Nikon
Eclipse Ti inverted microscope (Nikon, Tokyo, Japan). Lasers with
wavelengths of 543 and 488 nm were used to excite the fluorescent
NC hydrogels.

Measurements of Thermal Properties. Measurements of
thermal properties were carried out on a thermogravimetric analyzer
(NETZSCH TG 209F1, Selb, Germany) from 40 to 750 °C at a
heating rate of 10 °C/min under a nitrogen atmosphere. All samples
were freeze-dried, and the total mass of each sample was 3 mg.

Measurements of Mechanical Properties. Compressive and
tensile tests were performed on the as-prepared NC gel samples with
an MTS Universal Testing Machine (CMT6202, MTS Systems Co.,
Ltd., Shanghai, China) at room temperature. In the compressive tests,
cylindrical NC gel samples of 20-mm diameter and 10-mm thickness
were set on the lower plate and compressed by the upper plate with a
deformation rate at S mm/min until the compressive strain reached
90%. The compressive stress () was calculated as
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6 =F/nr’ (1)

where F and r are the force loaded on the hydrogel and the initial
unload radius, respectively.

In the tensile tests, the conditions were as follows: sample size, 4.5-
mm diameter and 50-mm length; gauge length between the jaws, 30
mm; and crosshead speed, 100 mm/min. The tensile stress (6*) was
calculated with the equation
F FL

of=— =
A AL, (2)

where F, A, Ay, L, and L, are the force applied on the hydrogel, the
real-time cross-sectional area of the deformed hydrogel, the initial
cross-sectional area of the hydrogel, the real-time gauge length of the
deformed hydrogel and the initial gauge length of the hydrogel,
respectively. The largest tensile stress and strain are defined as the
tensile strength at break (c;,) and the elongation ratio at break (&),
respectively. The Young’s modulus (E) in the range of 10% strain was
calculated from the slope of the stress—strain curve. At least three
samples were used for each test.

Swelling Experiments. Swelling experiments were performed at
room temperature by immersing the as-prepared hydrogels in pure
water and also in buffer solutions to reach swelling equilibrium. After
that, the swollen gels were dried. The effects of pH and ionic strength
on the equilibrium swelling ratio (ESR) were investigated. The pH was
varied from 3 to 12 at a constant jonic strength of I = 0.01 M. The
ionic strength was changed from 0 to 0.1 M at room temperature. The
equilibrium swelling ratio was calculated as

W, - W
W, (3)

where W is the weight of the swollen gel and Wy is the weight of the
dry gel.

In Vitro Blood Compatibility. Bovine Serum Albumin (BSA)
Adsorption. The adsorption of BSA onto the surfaces of the hydrogels
was performed by the batch contact method to investigate the
interaction between blood protein and the hydrogel surfaces.”® In a
typical experiment, a BSA solution (0.2% w/v) was prepared in 0.5 M
phosphate-buffered saline (PBS) at pH 7.4. A piece of hydrogel was
first immersed in a test tube containing PBS to swell for 72 h and then
weighed, after which 20 mL of BSA solution was added. After the tube
had been shaken gently at 37 °C for 30 min, the concentration of
residual BSA was determined in terms of the absorbance of the
supernatant at 277 nm by UV—vis spectrometer (Perkin-Elmer Lamda
25). The amount of protein adsorbed was calculated according to the
equation

ESR =

C,-C
dsorbed BSA = 22y
adsorbe: e (4)

where C, and C, denote the BSA concentrations (mg/mL) before and
after adsorption, respectively; W is the weight of the swollen hydrogel
piece (g); and V is the volume of the BSA solution (mL).

Blood Dynamic Clotting Test. The anticoagulant properties of
gelatin/PAAm/Laponite nanocomposite hydrogels were evaluated by
the kinetic clotting time method.””*° Typically, 4.0 mL of whole blood
obtained from a healthy rabbit was anticoagulated by addition of 1.0
mL of anticoagulant citrate dextrose (ACD) solution and then diluted
with 5.0 mL of 0.9% saline. The hydrogels were equilibrated with 0.9%
saline for 72 h and sterilized with UV light for 5 min. Then, 200 yL of
diluted ACD blood was dropped on the surfaces of the samples and
glass coverslips, after which 25 uL of CaCl, (0.2 mol/L) solution was
added and mixed uniformly. After a predetermined period of time (S,
10, 20, 30, 40, and 50 min), the samples were placed into 100 mL of
deionized water and incubated at 37 °C for 10 min. The red blood
cells that had not trapped in the thrombus were hemolyzed, and the
free hemoglobin was dispersed in the water. The concentration of free
hemoglobin in water was measured in terms of the absorbance of the
supernatant at 545 nm by UV—vis spectrometer. A solution of 200 uL

of diluted ACD blood in 100 mL of water was used as the control. The
blood-clotting index (BCI) was calculated as

OD,
BCI (%) = X 100
oD, )
where OD, and OD, denote the OD values of the test and control
samples, respectively.

Hemolysis Assay. The hemolytic potential of a material is a measure
of the extent of hemolysis that can be caused by the material when it
comes into contact with blood.>’ The hemolytic potential of the
gelatin/PAAm/Laponite nanocomposite hydrogels was investigated
according to the reported procedure.”” The hydrogels were placed in a
test tube with 10 mL of 0.9% saline and incubated for 30 min at 37 °C;
then, 200 uL of diluted ACD blood was added to the test tube, and the
mixture was incubated for 60 min at 37 °C. A separate sample of 100%
hemolysis induced by 10 mL of deionized water was used as a positive
control, and 0% hemolysis in 0.9% saline without added hydrogel was
used as a negative control. After the incubation, all of the samples were
centrifuged at 2000 rpm for S min, and the optical density (OD) of the
supernatant was determined for the absorbance at 545 nm by a UV—
vis spectrometer. The percentage hemolysis was calculated as

hemolysis (%) = ———— = X 100

OD, — OD, (6)
where OD,, OD,, and OD,, denote the OD values of the test, negative,
and positive samples, respectively. The reported hemolysis results are
averages of six measurements.

B RESULTS AND DISCUSSION

Preparation and Structural Characterization of the NC
Gels. Figure 1 shows the proposed mechanism for the
synthesis of nanocomposite hydrogels containing PAAm,
Laponite, and gelatin. In the first step, gelatin solution was
added to a dispersion of Laponite, AAm, and BIS. It can be seen
that, within a few minutes, the solution turned from transparent
into an opaque gellike mixture (Figure la). This can be
attributed to the fact that the surfaces of the Laponite RDS
particles are negatively charged and the gelatin has strong
polyampholytic properties so that it can be easily polarized by a
charged surface. Such polarization could induce an attractive
electrostatic interaction between the gelatin and the Laponite.
In addition, the mixture of nanoclay and gelatin is in a
semistable state, and the strong interaction between them can
lead to a spinodal decomposition, resulting in a less transparent
solution.”

However, in the second step, when the mixture was
immersed in a water bath at 50 °C for 2 h, the turbidity of
the mixture decreased sharply (Figure 1b). Indeed, the mixture
dispersion was able to maintain its transparency and liquid-like
state for more than 1 day with the addition of AAm and BIS.
This likely was caused by a reduction of the noncovalent
interactions between the nanoclay and gelatin and the
subsequent prevention of precipitation of the mixture when
heated at 50 °C. Also, at higher temperature, gelatin chains
might distribute more homogeneously and in an extended
conformation in the mixture. Moreover, AAm and BIS can help
to stabilize the dispersion by being adsorbed around the
nanoclay, further weakening the electrostatic interactions
between the nanoclays and gelatins.”**

In the third step, after bubbling of nitrogen for 10 min, APS
and TEMED were gradually introduced into the mixture to
initiate the polymerization. It is believed that the PAAm chains
are grown from the surfaces of the clay platelets because of the
higher concentration of APS and monomers around the clay
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Figure 1. Three-step process involved in the synthesis of gelatin/
PAAm/Laponite NC hydrogels. (a) Mixing gelatin with Laponite led
to an opaque gel-like mixture. (b) Heating gelatin/Laponite at S0 °C
resulted in a stable transparent dispersion. (c) Nanocomposite
hydrogel structure formed after the polymerization of AAm and BIS.

platelets and that the polymer chains are attached to the surface
of the clays nearby to form an NC gel (Figure lc). The
obtained NC gels can be easily shaped into fibers, sheets, or
cylinders by using different forms of vessels. Note that the
gelatin did not take part in the free-radical polymerization, but
it could be interpenetrated into the PAAm/Laponite polymer
matrix. In other words, the gelatin chains were immobilized
inside the hydrogel network via through physical entanglements
between the PAAm chains and interactions with the Laponite
surface.

Figure 2 shows the FTIR spectra of hydrogels prepared by
adding different contents of Laponite and gelatin. The two
characteristic peaks at 1665 and 2927 cm™" can be contributed
to C=0O stretching in the carboxamide functional group and
C—H stretching, respectively. The intense peak at 1001 cm™!
is related to Si—O stretching in the nanoclay, and the
adsorption band around 3427 cm™' can be contributed to —
NH stretching in the amide group and —OH stretching in
Laponite. Additionally, there was no appearance of new

T (%)

_ 1665 1001
4000 3200 2400 1600 800
Wavenumber (cm™)

Figure 2. FTIR spectra of gelatin/PAAm/Laponite NC gels including
samples L0OG2, L1G2, L2G2, L2Gl, and L2GO, synthesized with
different amounts of Laponite and different gelatin concentrations.

vibrations, indicating that no new covalent bonds formed
between the clay and the polymers in the nanocomposites after
the addition of gelatin.

Lyophilization is known to preserve the structure and volume
of the hydrogels even after all of the solvent has been
removed.” Figure 3 shows typical SEM micrographs of the
internal structures of the NC gels after the introduction of
different amounts of gelatin. It can be seen that, after drying
and the removal of frozen water, the resultant hydrogels were
porous materials with tunable pore sizes, ranging from ~20 to
~200 ym. From Figure 3a—c, it was found that the presence of
gelatin increased the pore size of the hydrogel from ~20 to ~60
pum. This is due to the significant hydrophilic character of the
—NH, and —COO~ groups linked to the primary gelatin
chain. Such hydrophilic groups can increase the water uptake
and network expansion, which further increases the voids in the
}1ydrogel.36’3'7 However, the influence on the voids and,
ultimately, the pore size induced by the gelatin content is not
as substantial as that induced by Laponite. Figure 3c—e show
that decreasing the Laponite content can significantly increase
the pore size of the hydrogel because Laponite platelets can act
as multifunctional cross-linkers. The lower the Laponite
content, the larger the pore size in the hydrogel.**

To see how gelatin chains are incorporated among the
hydrogel networks, we first labeled gelatin with FITC through
the reaction of the amino groups of gelatin with the
isothiocyanate groups of FITC at pH 8.5. In addition, we
copolymerized a fluorescent rhodamine monomer, MRB, with
the monomer AAm so that the resultant PAAm polymer was
also labeled. It is expected that FITC-labeled gelatin and MRB-
labeled PAAm can be represented by a green channel
(excitation wavelength of 488 nm) and red channel (excitation
wavelength of 543 nm), respectively. It can be seen from Figure
4 that the distributions of gelatin and PAAm were
homogeneous in the hydrogels,” indicating that the addition
of gelatin did not lead to aggregation or induce any
inhomogeneous phases in the hydrogel network. As a natural
polyelectrolyte, gelatin can be readily adsorbed onto the
negatively charged surface of Laponite by the induced
interactions between the polyelectrolyte and the Laponite, as
shown in Figure 1a.>> The CLSM results reveal that heating
treatment of the initial mixtures before polymerization can
make the gelatin distribute homogeneously in the resulting gel
network. The deformation of the network structure has also
been viewed when the hydrogel was under a tensile stress
(Figure 4c,d). However, when the tensile force was released,
the network recovered the original state, indicating the ability
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10048

Figure 3. SEM micrographs of the prepared gelatin/PAAm/Laponite NC hydrogels including samples (a) L2G0, (b) L2G1, (c) L2G2, (d) L1G2,
and (e) LOG2. The pore sizes of the NC gels range from ~20 to ~200 ym and increase with increasing gelatin content and decreasing Laponite

content.

Figure 4. (a,)b) CLSM images of L2G2 hydrogel excited at (a) 488 and
(b) 543 nm. (c,d) Real-time CLSM observations of NC hydrogel
excited at (c) 488 and (d) 543 nm under a tensile stress. The green
images show the distribution of FITC-labeled gelatin, whereas the red
images show the distribution of MRB-labeled PAAm inside the gel
network.

to reversibly recover the resulting gelatin/PAAm/Laponite NC
gels.

Thermal Properties of the NC Gels. Figure S shows the
thermal properties of the synthesized NC hydrogels as
measured by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). It can be seen that the
decomposition of the gelatin backbone started at 232 °C and
extended to about 500 °C, with a maximum decomposition rate
at 323 °C. In contrast, for all prepared NC gels, there were
three decomposition stages, ranging from 40 to 750 °C. The

Weight Loss (%)

F ¢ Gelatin (a)

. )
0 200 400 600 800

T (°C)
Figure 5. Measured (a) TGA and (b) DTG curves of the synthesized

NC gels and the gelatin. Note that the thermal stability of the
hydrogels is dependent on the content of Laponite.

DTG (%/min)

first stage occurred between 40 and 200 °C and was due to the
removal of bound water.

The second degradation stage (stage II), mainly due to loss
of ammonia with formation of imide groups through
cyclization, started from 200 to 300 °C.*° The third
decomposition stage (stage III) for the NC gels, mainly
corresponding to the decomposition of the polymer chains,
occurred at 320 °C and extended to ~500 °C. The thermal
stability of the NC gel samples was calculated from their
maximum temperatures in stages II and III and the initial
temperature of stage III (Table 1). The results suggest that the
thermal stability of the hydrogels was mainly determined by the
content of Laponite. This is understandable because Laponite
acts as a multifunctional cross-linker in NC gels and can
effectively enhance the cross-link density of the hydrogel
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Table 1. Maximum Temperatures of Stage II and Stage III
and Initial Temperature of Stage III for Hydrogel Samples

maximum temperature

(°C)
sample stage II stage III initial temperature of stage III (°C)
L2GOo 295 393 330
L2G1 291 391 322
L2G2 293 390 320
L1G2 283 382 318
L0G2 274 377 302

network. The NC gels containing high contents of Laponite
still retained good thermal stability even after the addition of
gelatin. This could be related to the entanglements and
hydrogen bonds among gelatin chains and the PAAm network,
as well as the strong electrostatic interactions between Laponite
and gelatin.*"**

Tensile and Compressive Properties of the NC Gels.
Figure 6 shows the extraordinary mechanical toughness of the
NC gels. All NC gel samples can sustained compression (Figure
6a—c), elongation (Figure 6d—g), and knotting (Figure 6h).
Moreover, they had the ability to fully recover to the initial state
when the load was released. The knotting behavior for the
prepared NC gels revealed that they were highly elastic and
stretchable.

The compressive stress—strain curves of the prepared NC
gels are shown in Figure 7a. It can be seen that the samples
could be compressed to a strain of 90%, and the stress at this
strain was used to evaluate the mechanical strength of the NC

—_— o
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=
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Figure 7. (a) Compressive stress—strain curves of NC gels in the as-

prepared state. Samples were compressed to a strain of 90%. (b)
Tensile stress—strain curves of NC gels in the as-prepared state.

gels. The curves show that the compressive stress increased
with increasing Laponite content because Laponite can tune the
mechanical strength of the NC gels by controlling the cross-link

-3 ~ » L B 4
_.a--...-/!' \ —— : y o B
l | ' = - N i
ol b : V

Figure 6. Compressive and tensile properties of NC gels. (a—c) Optical images showing that the NC gel samples were very elastic to sustain a high
strain compression. (d—g) Optical images showing the process of the NC gels being stretched in a tensile machine. (h) Knotting state.
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density of the network structure. In addition, an increase in
gelatin content also improved the compressive stress, because
gelatin can interpenetrate in the PAAm/Laponite network. As
the stresses of L2G2 (208.4 + 5.9 kPa) and L2G1 (1932 + 6.9
kPa) were much higher than that of L2GO (161.4 + 5.2 kPa),
we conjecture that the gelatin chains not only generate physical
entanglements in the hydrogels but also bind to the negatively
charged clay through noncovalent interactions such as
electrostatic interactions and hydrogen bonds. We also noticed
that the LOG2 samples, which were organic hydrogels because
of the absence of Laponite, could sustain a high compression
during the mechanical test. This is likely because the amount of
BIS used in LOG2 was much less than the amount used in
conventional organic hydrogels and the interpenetrating gelatin
chains in the PAAm network enhanced the mechanical strength
of the LOG2 gels.

Figure 7b shows the tensile stress—strain curves of the NC
gels in the as-prepared state. For clear comparison, the
elongation at break, tensile strength at break, and Young’s
modulus are also reported in Table 2. The results indicate that

Table 2. Mechanical Properties of NC Gels in the As-
Prepared State

Young’s tensile strength compression

modulus at break elongation at stress
sample (E, kPa) (o1, kPa) break (&, %) (0, kPa)
L0G2 7.7 +01 635+ 11 3531 +107  89.1+38
L1G2 114 £ 0.1 159.5 + 3.5 596.7 + 26.3 1203 + 24
12G2 20.5 £ 0.2 3379 £ 49 7504 + 14.7 2084 + 5.9
L2G1 144 + 0.1 2793 £ 7.2 720.8 + 109 1932 + 6.9
12Go 10.6 + 0.2 262.1 + 5.6 707.2 + 154 1614 + 5.2

the elongation at break of the NC gels was highly dependent on
the Laponite content. Also, the Young’s modulus and tensile
strength at break increased with increasing Laponite content
(samples LOG2, L1G2, and L2G2). An extraordinary elongation
ratio at break is a typical mechanical property of nanocomposite
hydrogels. In the NC gel networks, PAAm chains are cross-
linked by the Laponite platelets through noncovalent
interactions. Okay and Oppermann®’ proposed that a dynamic
adsorption/desorption process might occur, that is, the
noncovalent interactions between the PAAm chains and the
Laponite platelets can be broken and reconstructed constantly
when a load is applied to the NC gels and then released. Thus,
the polymer chains would be in a dynamic state of adsorbing
onto or desorbing from the surfaces of the Laponite platelets.
As expected, a high Laponite content would lead to a gel
network with a high cross-link density and thus enhance the
Young’s modulus and tensile strength. It is interesting to note
that the introduction of gelatin (samples LOG2, L1G2, and
L2G2) contributed to increases in the Young’s modulus and
tensile strength, further revealing the enhanced compatibility of
the gelatin and the PAAm/Laponite system in the present
work. As a result, the prepared NC gels exhibited excellent
elastic and stretching properties.

Swelling Behaviors. The swelling behavior of the NC gels
was investigated at room temperature in solutions of various
pH values ranging from 3 to 12 with the ionic strength fixed at
0.01 M. The effects of pH on the equilibrium swelling ratio of
the NC gels with different Laponite/gelatin/PAAm weight
ratios are shown in Figure 8a. It can be seen that the L2GO
hydrogel was almost unaffected by changes in the pH of the
solution, probably due to the fact that PAAm is a nonionic
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Figure 8. Effects of (a) pH and ionic strength (b) on the equilibrium
swelling ratios (ESRs) of the NC gels.

polymer and cannot ionize in aqueous solutions from pH 3 to
11. However, at a pH value of 12, the —CONH, groups of
PAAm hydrolyzed and induced a considerable increase of the
swelling ratio of the network.** The introduction of Laponite
seems not lead to any obvious pH-responsive property.
However, the samples that contained gelatin all displayed a
pH-responsive property giving rise to a W shape in Figure 8a,
which is similar to the behavior of pure gelatin in solutions of
different pH values.** Therefore, the addition of gelatin to the
hydrogels can improve the pH-responsive properties of the NC
gels.

The effect of the ionic strength on the equilibrium swelling
ratio of the NC gels was investigated and is shown in Figure 8b.
The ionic strength of the external solution was varied from 0 to
0.1 M. Figure 8b shows that the equilibrium swelling ratio
decreased with increasing ionic strength of the solution. This
behavior can be attributed to the reduction in the osmotic
pressure difference between the hydrogels and the external
solution with increasing ionic strength.* Note that the NC gels
with higher gelatin contents and lower Laponite contents were
more sensitive to the increase in ionic strength. This is related
to the ampholytic polyelectrolyte nature of gelatin because an
increase in ionic strength would reduce the electrostatic
repulsion between ionized groups such as —NH;" and
—COO™ and induce the shrinkage of the hydrogels. Moreover,
a lower Laponite content means a less cross-linked network
structure and more free space available for shrinking in the
resulting NC gels.

In Vitro Blood Compatibility. Platelets tend to adsorb
onto the surface of foreign materials and become activated
when biomaterials are used as blood-contacting devices. The
activated platelets can further initiate thrombosis by secretin
prothrombotic factor, which, in turn, leads to clotting.1
Thrombosis and complement activation are good for
hemostatic materials because they can prevent blood loss.
However, they are harmful for blood-contacting devices
because of the generation of blood clots. Therefore, the
biocompatibility of blood-contacting devices is an important
issue for different practical applications.”” We therefore
evaluated the in vitro blood compatibility of the synthesized
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gelatin/PAAm/Laponite NC gels based on the amount of
protein (BSA) adsorbed, the blood-clotting index, and the
degree of hemolysis.

Protein (BSA) adsorption is a critical index for evaluating the
blood compatibility of biomaterials because it determines the
mechanism and degree of intrinsic thrombosis.” It is well-
known that protein adsorption is the first step involved in the
initiation of thrombosis on biomaterial surfaces, and thus
decreasing BSA adsorption clearly implies a better antithrom-
botic effect, which can further be confirmed by higher values of
blood-clotting index and lower degrees of hemolysis.** Figure 9

go.s- %/
2ol w0

L0G2 L1G2 L2G2 L2Gl1 L2GO

Figure 9. Amounts of BSA adsorbed by gelatin/PAAm/Laponite NC
gels. Lower amounts of BSA adsorbed mean better antithromboge-
nicity of the material.

shows that the amount of BSA adsorbed decreased with
increasing gelatin content in the NC gels. This is because
gelatin is a hydrophilic and biocompatible polymer in nature,
which confers an increased hydrophilicity and wettability on the
NC gels and a resulting BSA adsorption resistance. Indeed, it
has been reported that a more hydrophilic surface results in a
more antithrombogenic effect.””*” Obviously, the introduction
of gelatin into the NC gels enhanced the blood compatibility of
these biomaterials.

The blood-clotting behaviors of the prepared NC hydrogels
are shown in Figure 10. Note that a higher blood-clotting index
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Figure 10. Blood-clotting indexes of the gelatin/PAAm/Laponite NC
gels and glass at 37 °C. A higher BCI means a longer clotting time and
a better antithrombogenicity.

generally indicates a longer clotting time and a better
antithrombotic effect. Compared to glass, all of the hydrogels
had higher BCIs, suggesting an improved performance with
increasing gelatin content and decreasing Laponite content.
These results confirmed those of our previous BSA adsorption
test. As a hemocompatible biopolymer, gelatin has been used as
plasma expander and blood substitute since the 1940s.”*** In
many reported studies, gelatin was found to be able to resist
platelet adhesion and thrombin generation by impairin§ the
functionality of the plasma von Willebrand factor (vWF).*’ Our
results also confirm that higher gelatin contents can improve

antithrombogenicity. It has been suggested that a negatively
charged surface would initiate the intrinsic pathway of
thrombosis by contact activation of factor XII,'" which finally
results in the formation of a blood clot. Laponite is a type of
nanoclay with a negatively charged surface. Considering the
possible applications of NC gels in the biomedical field, we
used Laponite contents up to 2% w/v in this study, lower than
those in typically reported Laponite NC gels (~5% w/v).”
The hemolytic potential of the NC gels was also evaluated
based on the degree of erythrolysis and hemoglobin
dissociation when the materials were in contact with blood.”!
Figure 11 shows the hemolytic ratios of blood in contract with
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Figure 11. Hemolytic extents of the gelatin/PAAm/Laponite
nanocomposite hydrogels at 37 °C for 60 min. The hemolytic extents
of all samples were below the permissible level of 5%.

different samples at 37 °C for 60 min. The degrees of hemolysis
of all of the samples were below the national and international
permissible level of 5%, indicating that all of the hydrogels were
nonhemolytic. The hemolytic tests exhibited a trend related to
the effects of gelatin and Laponite similar to that observed in
the dynamic clotting tests. Our results show that the
appropriate ratio of gelatin and Laponite would provide not
only improved physicochemical properties to the NC gels but
also enhanced blood compatibility.

B CONCLUSIONS

In this article, we have reported the successful incorporation of
gelatin into the PAAm/Laponite system to prepare a novel
hemocompatible gelatin/PAAm/Laponite nanocomposite hy-
drogel by in situ free-radical polymerization. Our results show
that conducting the polymerization at 50 °C and adding AAm
and a small amount of BIS can greatly improve the stability and
compatibility of the Laponite/gelatin mixture. After the
polymerization, both gelatin and PAAm chains were distributed
homogeneously in the NC gels. Importantly, the introduction
of gelatin did not reduce the transparency of the resultant
hydrogels, presumably because the gelatin chains were
immobilized in the gel network by noncovalent interactions,
such as electrostatic interactions, hydrogen bonds, and physical
entanglements. The resultant NC gels were found to be porous
materials whose pore size could be tuned by the contents of
both gelatin and clay. The hydrogels exhibited good thermal
stability and excellent tensile and stretching properties. The
addition of gelatin to the hydrogels not only improved the pH-
responsive properties but also enhanced the antithromboge-
nicity of the NC gels. Furthermore, the hemolysis tests revealed
that gelatin can decrease the extent of hemolysis and that all of
the hydrogels are nonhemolytic. The prepared hydrogels thus
have potential in tissue engineering applications as novel
porous, hemocompatible, pH-sensitive, and elastic hydrogels.
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